phase can be observed, which accommodate the imposed boundary condition in a reversible way (this is the origin of the memory effect).
A
Methods
To prove that in a reconstructive transformation an aperiodic element of G (called GL(3, Z) in algebra) is generated, we first note that any lattice group is finite, and conversely any finite subgroup of G is included in the lattice group of some lattice (see proposition 3.5 in ref. 23) . Thus a transformation is weak if and only if the lattice groups of the two crystal phases generate a finite group. Therefore a reconstructive transformation produces an infinite subgroup of G with a finite number of generators. Such a group necessarily contains an element with no finite period as a consequence of the Burnside-Schur theorem on periodic groups. We finally establish that for any pair of Bravais lattices with maximal point symmetry there are reconstructive transformations that generate the entire group G. Indeed, it is readily verified that for suitable pairs of subgroups in G belonging to the four arithmetic classes with maximal point symmetry one can produce all the generators of G, that is, a suitable reflection, permutation and simple shear 30 .
The low-latitude ocean is strongly stratified by the warmth of its surface water. As a result, the great volume of the deep ocean has easiest access to the atmosphere through the polar surface ocean. In the modern polar ocean during the winter, the vertical distribution of temperature promotes overturning, with colder water over warmer, while the salinity distribution typically promotes stratification, with fresher water over saltier. However, the sensitivity of seawater density to temperature is reduced as temperature approaches the freezing point, with potential consequences for global ocean circulation under cold climates 1,2 . Here we present deep-sea records of biogenic opal accumulation and sedimentary nitrogen isotopic composition from the Subarctic North Pacific Ocean and the Southern Ocean. These records indicate that vertical stratification increased in both northern and southern high latitudes 2.7 million years ago, when Northern Hemisphere glaciation intensified in association with global cooling during the late Pliocene epoch. We propose that the cooling caused this increased stratification by weakening the role of temperature in polar ocean density structure so as to reduce its opposition to the stratifying effect of the vertical salinity distribution. The shift towards stratification in the polar ocean 2.7 million years ago may have increased the quantity of carbon dioxide trapped in the abyss, amplifying the global cooling.
The Subarctic Zone in the North Pacific Ocean and the Antarctic Zone in the Southern Ocean are both characterized by year-round availability of the 'major nutrients' nitrate and phosphate. Nutrientrich deep water is brought to the surface by wind-driven upwelling and density-driven overturning. Limitation of algal growth by light 3 and iron 4 prevents complete consumption of the major nutrients. The Subarctic Pacific maintains a higher degree of nutrient utilization (and thus lower surface nutrient concentrations) than does the Antarctic 5 . There are two likely causes for this difference. First, the exchange between the surface and deep ocean is reduced in the Subarctic Pacific relative to the Antarctic. This is partially due to the stronger 'halocline', or vertical salinity gradient, in the Subarctic Pacific 6 ( Fig. 1) . Second, atmospheric deposition supplies more iron to the Subarctic Pacific than to the Antarctic, which should allow phytoplankton to consume a larger fraction of the upwelled nitrate and phosphate 4 . Despite the differences between these two polar ocean regions, the sediments underlying them show a similar change during the global cooling from the relatively warm mid-Pliocene to the late Pliocene, when the Earth descended into the Pleistocene cycle of ice ages. In both of these regions, upon the intensification of major Northern Hemisphere glaciation 2.7 million years ago (2.7 Myr), the accumulation of biogenic opal decreased abruptly, just when the sedimentary evidence indicates an increase in Northern Hemisphere sea ice and icebergs 7, 8 (Figs 1 and 2 ; additional references in Fig. 1 legend) . In the Antarctic, this shift has been interpreted as the result of increased sea ice cover shortening the productive season of diatoms 8, 9 , whereas the Subarctic Pacific change has been explained as the onset of permanent stratification reducing the nutrient supply to the surface 7 . Yet the similarity in the structure and timing of these changes invites a single explanation letters to nature that would apply in both hemispheres. To distinguish between the very different alternative explanations that have been posed for the 2.7-Myr decrease in opal accumulation, we have measured the 15 10 . In the Subarctic Pacific record, sediment 15 N/ 14 N increases markedly at the 2.7-Myr event, simultaneously with the decrease in opal accumulation (Fig. 2a, inset ) and the increase in ice-rafted debris 7 , suggesting more complete consumption of surface nitrate subsequent to the intensification of Northern Hemisphere glaciation. This result is consistent with the observation that diatom opal export in the modern Subarctic Pacific could not increase by more than 30% before silicate would be completely absent from the summertime surface layer 11 , which indicates that the sharp drop in opal flux at 2.7 Myr cannot be attributed to a decrease in the completeness of silicate consumption. Together, the records of 15 N/ 14 N and opal accumulation rate make a strong case that the sedimentary change at 2.7 Myr records a decrease in the rate of exposure of nutrient-bearing deep water at the Subarctic Pacific surface. After the 2.7-Myr event, cycles appear, with lower opal flux and higher 15 N/ 14 N found at intervals that represent the cold phases/ice volume maxima associated with the 41-kyr (obliquity) component of the Milankovitch cycles (Fig. 2a, inset) , suggestive of continued climate-induced oscillations in stratification 12 . In the Antarctic record from Ocean Drilling Program (ODP) Site 1096, over the sediment interval recording the change in opal flux to the sea floor, there is no significant change in the sediment 15 N/ 14 N (Fig. 2b) . If the threefold decrease in diatom export suggested by the opal accumulation change were driven by a decrease in the degree of nitrate consumption, the 15 N/ 14 N of sinking organic matter should have been roughly 3‰ higher before the 2.7-Myr shift 13 . As in the Subarctic Pacific, this suggests that the decrease in opal accumulation rate was not driven by a decrease in the degree to which nutrients were consumed in the surface layer. Rather, the data suggest that the supply of nutrients decreased. While silicate consumption is far from complete in parts of the Antarctic, essentially all of the silicate is consumed within ,58 latitude of the Polar Front in the regions where it has been studied 14 , and the 2.7-Myr decrease in opal accumulation observed at ODP Site 1096 has been noted from various sites in the Antarctic (black dots in Fig. 1, references in legend) , several of which are close to the Polar Front (the dashed line in Fig. 1 ) and most of which are overlain by surface waters that are silicate-poor by the end of the summer 5 . Therefore, the modern surface distribution of dissolved silicate suggests strongly that the decrease in opal accumulation at 2.7 Myr was not solely due to a decrease in the opal:carbon ratio of export production 15 , as this change alone would require that, after 2.7 Myr, surface waters became extremely enriched in silicate. Although the modern ocean may not be an ideal reflection of mean post-2.7 Myr conditions, interglacials similar to the current one should be reflected in the post-2.7 Myr interval of the sediment records in Fig. 1 . Thus, as in the Subarctic Pacific, the 15 N/ 14 N and opal data together indicate that the nutrient supply to the surface was much greater before the late Pliocene cooling event, suggestive of a subsequent shift towards stratification.
That the apparent degree of nitrate utilization increased at 2.7 Myr in the Subarctic Pacific but remained constant in the Antarctic is consistent with the iron budget in these different regions. In the Subarctic Pacific, where a significant fraction of the iron supply comes from the atmosphere 4 , algal productivity letters to nature would not be strictly limited by the amount of dissolved iron imported from deep water, so that the degree of nitrate consumption should increase in response to stratification. In contrast, in the Antarctic, where nearly all of the iron supply is from upwelled deep water, productivity should decrease as deep water supply decreases, so that the fraction of the nitrate supply that is consumed should remain constant in the face of stratification 16 . Moreover, the lack of any evidence for iron enrichment in the Antarctic provides an additional argument against a decrease in the opal:carbon ratio of export production at the 2.7-Myr transition.
These data fit into a growing body of evidence for a pervasive link between cold climates and polar ocean stratification during the late Cenozoic. Stronger stratification has been proposed for the Antarctic surface during late Pleistocene glacial periods 17, 18 and for the last glacial Okhotsk Sea and western Subarctic North Pacific 12 . The well-studied reduction in deep water formation in the high-latitude North Atlantic during ice ages 19 is, in essence, a shift towards stratification in that region. While efforts to explain the stratification of the glacial North Atlantic have focused on changing freshwater inputs 20 , the strong correlation of reduced deep water formation with cold periods is most suggestive of cooling as the direct cause of stratification.
The vertical stability of the polar ocean is controlled by the typically opposing effects of temperature (destabilizing) and salinity (stabilizing) (Fig. 3a) , but density is less dependent on temperature at lower temperatures. As a result, as the mean temperature of the ocean decreases, a given temperature difference between the surface and deep water would cause a smaller density difference. Thus, homogeneous cooling of the polar ocean water column would cause the vertical temperature gradient to be less important in setting the density gradient, rendering the existing salinity gradient more capable of maintaining year-round polar ocean stratification. Models have shown that stratification of the North Atlantic during glacial times could be the result of global ocean cooling, given the nonlinear sensitivity of seawater density to temperature 1, 21 . The importance of global ocean temperature to stratification in other polar regions can be illustrated by recalculating the density profile of the wintertime Antarctic under conditions of higher and lower temperature than today (Fig. 3) . If the entire water column is warmed by 3 8C, the modern surface-to-subsurface density difference is removed, such that there would be no barrier to overturning (Fig. 3b , red crosses compared to bold black 'plus' symbols). On the other hand, cooling the entire water column by 2 8C causes an approximate doubling of the modern surface-to-subsurface density difference (Fig. 3c , blue crosses compared to bold black 'plus' symbols). Such a cooling is actually impossible, as the wintertime surface is already near freezing (Fig. 3a) . If the entire water column is simply cooled to the freezing point, the vertical density difference is made even stronger (Fig. 3c , red crosses compared to bold black 'plus' symbols), such that a halving of the modern surface-to-deep salinity difference in the wintertime Antarctic would be required to completely counteract its effect (Fig. 3c , green crosses and dashed line). Changes in polar stratification through this mechanism would not develop until the entire ocean water column had changed temperature. Thus, this response would not be evident in model letters to nature experiments that are run for less than the ventilation time of the deep ocean 22 . One important caveat to our proposal is that, as the low latitudes cool, the atmosphere may transport less fresh water to the polar ocean, which could work to reduce the polar salinity gradient (Fig. 3,  green crosses) . Moreover, other physical mechanisms for a link between cooling and stratification cannot be ruled out. The westerly winds could shift equatorward and/or weaken as climate cools, leading to a decrease in wind-driven upwelling in the Antarctic 23 . The sea ice cycle redistributes fresh water within the polar regions, determining where sinking and stratification occurs in the modern polar ocean, and there is evidence for the production, during the last ice age, of extremely salty bottom water in the Antarctic owing to the formation of sea ice 2 , the melting of which may have stratified the open Antarctic. However, it remains unclear whether these other mechanisms could explain the stratification of both the Antarctic and Subarctic North Pacific at 2.7 Myr.
If a polar region migrates towards stratification, positive feedbacks reinforce this change. An increase in polar ocean stratification would increase the residence time of water in the polar surface by decreasing exchange with the subsurface, allowing the surface to accumulate the fresh water being deposited from the atmosphere and thus causing further stratification. As a result, while gradual ocean cooling would motivate a gradual shift towards stratification, the positive feedback associated with freshwater accumulation may cause the onset of stratification to be abrupt, as is observed for the 2.7-Myr transition.
A positive feedback of greater global significance may operate through atmospheric carbon dioxide. The export of organic carbon out of the low-latitude surface ocean works to sequester carbon dioxide in the ocean interior, while the exposure of deep water at the polar ocean surface allows this carbon dioxide to escape back to the atmosphere if not all of the major nutrients are consumed there. The slower the ocean is ventilated at a high-nutrient polar surface region, the more the low-latitude 'biological pump' is able to drive the accumulation of surface-extracted carbon dioxide in the ocean interior 24 . By preventing the polar release of deeply sequestered carbon dioxide, stratification in both the Antarctic and the Sub- Nitrogen isotope ratios were determined on freeze-dried and homogenized samples by on-line combustion using a ThermoQuest NC2500 elemental analyser coupled to a ThermoFinnigan DeltaPlus mass spectrometer via a ThermoFinnigan Conflo III at the University of British Columbia, Vancouver. Analytical precision is^0.3‰ (1j), and the values are reported relative to air N 2 .
The astronomically calibrated stratigraphy for ODP Site 882 is based on magnetostratigraphy and fine tuning of GRAPE density oscillations in the orbital precession band to the summer insolation at 658 N (ref. 7 ). The age model for ODP Site 1096 is based on magnetostratigraphy 8 . At ODP Site 1096, the sharpest decrease in biogenic opal percentage occurs roughly 12 m below the Matuyama/Gauss magnetic reversal at 2.58 Myr, suggesting that the bulk accumulation rate change is at roughly 2.7 Myr, consistent with the established significance of 2.73 Myr for climate and sediment records in general. Accordingly, a subtle change has been applied to the original age model. 
